Sixty-one underground nuclear tests were conducted at Rainier Mesa at the Nevada National Security Site between 1957 and 1992. The mesa includes the highest-elevation areas at the Nevada National Security Site and experiences some of the highest estimated infiltration rates. Perched water is ubiquitous in many of the tunnels used for testing. The presence of sloping layers with strongly varying degrees of fracturing and overall permeability suggests that some infiltrating water may be diverted laterally along higher-permeability layers, thereby reducing overall percolation flux and radionuclide transport through the lowpermeability testing horizons but also potentially transporting radionuclides laterally away from the test locations. A high-resolution, two-dimensional, crosssectional model was created to simulate water and particle movement along potential lateral flow paths and to investigate flow and transport paths within and surrounding the perched water bodies. The model results indicate that particles with starting locations within the low-permeability perching layers will follow dominantly vertical trajectories through the perching horizons and reach the water table in the underlying carbonate aquifer only after many thousands of years. In contrast, particles starting near ground surface above the testing horizon are mostly diverted laterally before reaching the testing horizon, except where nearby faults through the perching layers are present. Where the rock above the perching horizon is fractured, particles originating near ground surface can move laterally with relatively high transport velocities. Transport calculations for 3 H show that transport extent is limited by slow matrix flow, radioactive decay, and matrix diffusion in the fractured units.
Abbreviations: 2D, two-dimensional; 3D, three-dimensional; ASCEM, Advanced Simulation Capability for Environmental Management; BRA, Belted Range Aquifer; HSU, hydrostratigraphic unit; LANL, Los Alamos National Laboratory; TCU, tuff confining unit.
Between 1957 and 1992, 62 nuclear detonations were conducted at 61 underground locations beneath Rainier Mesa at working point depths that ranged from 30 to 545 m below ground surface and distances ranging from 212 to 890 m above the regional water table. All but two of these tests were conducted in horizontal tunnels; the remaining two were conducted in vertical shafts (National Nuclear Security Administration, Nevada Field Office, 2015; USDOE, 2004) . Figure 1 shows the Rainier Mesa area along with the cross-sectional transect, tunnels, and boreholes referenced here.
The US Department of Energy is currently conducting an assessment, which includes numerical flow and transport modeling, to determine transport pathways by which radionuclides generated by nuclear weapons tests are likely to reach the regional water table in the foreseeable future. The tunnel complexes, used for weapons tests and for evaluating the effects of these weapons on military hardware, were excavated primarily in low-hydraulic conductivity zeolitic tuffs, such as the Lower Tuff Confining Unit, that contained perched water. Most occurrences of perched water observed in the tunnels were associated with steeply dipping joints and small faults that could be inferred to be discontinuous at depth based on the observation that they were initially saturated yet drained freely when intersected during tunnel construction (Thordarson, 1965) . The perched nature of the water within the tuffs is recognized by the fact that, in deep boreholes near several of the tunnel complexes, the uppermost part of the underlying Paleozoic carbonate aquifer is unsaturated. However, where other low-permeability rocks underlie the tuffs to the west of the tunnels, the perched water and regional groundwater systems merge to create a single saturated system. The purpose of this study was to investigate water flow patterns through and adjacent to the low-permeability tuffs that hosted most of the nuclear tests, within which perched water is present in some tunnel complexes. In particular, we were interested in the effect of spatially varying infiltration and the heterogeneity of fractured, porous media on flow and transport in the model domain. Numerical modeling of the large-scale flow patterns in variably saturated systems such as Rainier Mesa is numerically challenging, especially over multi-kilometer-scale distances, due to the high nonlinearity of the governing flow equations, transitions from partially saturated to fully saturated conditions, and the need for fine grid resolution to adequately represent the details of the hydrostratigraphy that are potentially important for radionuclide transport. A sufficient understanding of potential transport pathways, either laterally or vertically, is necessary to design monitoring strategies for the site.
To our knowledge, detailed large-scale, multidimensional models of variably saturated systems with perched water are relatively rare because of the computational challenges involved. Prominent examples of large-scale, multi-dimensional variably saturated models include the three-dimensional (3D), site-scale model of the unsaturated zone at Yucca Mountain, which was under consideration as a high-level radioactive waste repository (Liu et al., 2003; Wu et al., 2006) , and models of moisture and contaminant movement beneath wet canyons at the Los Alamos site in New Mexico (Birdsell et al., 2005; Robinson et al., 2005) . In both instances, modeling demonstrated that significant lateral redistribution of infiltration in the unsaturated zone occurs along low-permeability perching layers. At Rainier Mesa, simple one-dimensional flow and transport models have assumed a wide range of possible lateral and vertical transport pathways to bound the possible contaminant extent over the next 1000 yr (USDOE Environmental Management Nevada Program, 2018a) . Detailed 3D flow and transport models of the N-tunnel and T-tunnel complexes at Rainier Mesa have also been developed to investigate local conditions that include the tunnels themselves as distinct hydrologic features (USDOE Environmental Management Nevada Program, 2018b) . Additional 3D submodels were developed at Rainier Mesa that explore the environmental impact of contaminated effluents draining from these and other tunnels to sediment holding ponds. However, none of these more detailed models had a sufficient spatial extent to investigate the large-scale flow system at Rainier Mesa in an integrated fashion based on the physics of variably saturated flow.
In this study, the high-performance computer code Amanzi (2017) was used to model a representative 20-km long, two-dimensional (2D) cross-section across Rainier Mesa. The model uses a high-resolution mesh to represent hydrostratigraphic units (HSUs) with strongly contrasting hydraulic properties and variable thicknesses, along with several major and some minor faults (Fig. 2 ). The numerical model is useful for illustrating and testing conceptual models of flow and transport in a hydrologically complex environment. Among the questions the model can help address are (i) the relative importance of vertical or lateral transport pathways in and around perched water bodies, (ii) the role of steeply dipping faults as potential transport pathways through the perched water, and (iii) the effects of strongly contrasting hydraulic properties, particularly saturated permeability, on flow patterns and transport pathways.
The analysis of flow and transport pathways near and through perched water at Rainier Mesa can help clarify flow and transport behavior at other existing and potential DOE waste-storage sites in the arid west where the presence of deep perched water complicates the understanding and monitoring of radionuclide transport.
These sites include (i) the Radioactive Waste Management Complex at the Idaho National Laboratory, where lateral flow has been observed in the sedimentary interbeds between lava flows (Duke et al., 2007) ; (ii) Yucca Mountain, a proposed site for highlevel nuclear waste disposal in volcanic tuffs in southern Nevada, where the stratigraphic and structural setting promotes perching, lateral flow, and possible fault drainage beneath the proposed repository (Bagtzoglou, 2003a (Bagtzoglou, , 2003b Flint et al., 2001 Flint et al., , 2002 ; and (iii) the Los Alamos National Laboratory (LANL) site in northern New Mexico, where perched water above low-permeability tuff layers beneath wet canyons also creates the potential for lateral flow and complex vadose zone transport paths Birdsell et al., 2005) .
Hydrogeologic Setting
Topography Rainier Mesa is the erosional remnant of a once far more extensive volcanic plateau that was formed by volcanic eruptions from shifting volcanic centers that were active between 16 and 8 million yr ago (National Security Technologies, 2007; Sawyer et al., 1994) . Rainier Mesa lies east and northwest of major nuclear weapons testing areas at Pahute Mesa and Yucca Flat, respectively, and forms a relatively flat-topped mesa that ranges in elevation from 2243 to 2340 m (USDOE, 2004) . The top of the mesa covers ?11.4 km 2 (Russell et al., 1987) . The mesa is surrounded by steep slopes, along which minor drainages occur ( Fig. 1 and 2 so named because of a prominent drainage channel that extends along its axis (Fig. 1 ). In this study, Aqueduct Mesa is considered part of Rainier Mesa.
Hydrogeology
The geology at Rainier Mesa includes pre-Cambrian schists and gneisses, Paleozoic carbonate rocks, fine-grained shales and siltstones, and a Mesozoic granitic intrusion, all unconformably overlain by Tertiary-age tuffs (National Security Technologies, 2007) ( Fig. 2 and 3) .
The different rock types at Rainier Mesa were lumped or subdivided into HSUs to build a hydrostratigraphic framework model using EarthVision software. The HSUs were defined based on their mineralogical composition and water-transmitting and storage properties so that hydraulic properties within an HSU could be approximated as uniform (National Security Technologies, 2007) . The names, abbreviations, and descriptions of the HSUs are given in Table 1 .
Welded tuffs aquifers (WTAs) (i.e., TM-WTA, BRA, and SWA) form the caprock of Rainier Mesa and nearby topographically high areas, and less erosion-resistant nonwelded vitric tuffs (TM-LVTA, LVTA2) and zeolitic tuffs (LTCU, OSBCU) are exposed along the slopes of the mesa. Pre-Tertiary rocks include Paleozoic carbonate rock (LCA3 and UCA) and shale and siltstone (UCCU) in the valleys and hills to the southeast of Rainer Mesa, and Mesozoic granitic rocks (MGCU) are exposed to the north of the Mesa (Fig. 3) .
The pre-Cambrian schists and gneisses that constitute the LCCU1 and the fine-grained shales and siltstones that make up the UCCU have long been known to have low permeability, and regional hydraulic gradients are steep across these units where they are submerged beneath the water table (Winograd and Thordarson, 1975) . Paleozoic carbonate rocks are important aquifers in southern Nevada, and limited data from the LCA3 at Rainier Mesa suggest moderately high permeability there as well (USDOE Environmental Management Nevada Program, 2018a) . The permeabilities of the tuffs vary widely and are strongly dependent on the degree of welding and on the degree of post-depositional alteration of the originally vitric tuffs to zeolites. Ash flows that accumulated in thicker deposits cooled more slowly, resulting in greater welding, devitrification to microcrystalline quartz and feldspar, and dense fracturing characteristic of the welded tuff aquifers. Vitric tuff aquifers have the highest interstitial porosity and permeability but have few open fractures. The zeolitized tuff confining units (TCUs) have high interstitial porosity but low interstitial permeability and few fractures, and they are the layers responsible for creating perched water.
The relatively flat lying tuffs conceal a prior period of intensive thrust faulting and folding of the pre-Tertiary rocks in which imbricate thrusts have interweaved carbonate and clastic rocks at various locations. The Belted Range Fault is one prominent thrust fault that underlies Rainier and Aqueduct Mesas along the trend of the aqueduct. The trace of the thrust coincides with a paleovalley over which the tuffs were deposited, so that the tuffs form a depositionally controlled syncline whose axis plunges away from Rainier Mesa to both the northeast and southwest (Hoover and Magner, 1990; National Security Technologies, 2007) . The model domain shown in Fig. 2 is generally aligned with the depositional syncline that formed along the trend of the paleovalley. Normal faults in the model (Fig. 2 the west of Rainier Mesa as well as smaller offset normal faults that have been mapped in outcrop and traced downward into the tunnels that were driven into the eastern slope of the mesa for weapons testing. Faults have the potential to disrupt lateral water movement by providing drainage sites through the tuffs to the underlying pre-Tertiary rocks.
Precipitation
Precipitation has been monitored since about 1960 at a number of precipitation gauges throughout the Nevada National Security Site (Soule, 2006) , including station A12 at 2283 m elevation on top of Rainier Mesa. Annual precipitation at station A12 between 1960 and 2005 was highly variable, ranging from 86 mm in 2002 to 682 mm in 1983 (average, 322 mm). On average, most precipitation falls during winter months (November to March) as both rain and snow and as summer thunderstorms in July and August. Most infiltration takes place during wet years as a result of winter precipitation when evapotranspiration is low.
Infiltration
Preliminary f low and transport modeling highlighted the importance of infiltration as a primary driver for radionuclide migration (USDOE Environmental Management Nevada Program, 2018b). To evaluate how local variations in slope, rock and soil properties, and elevation-dependent precipitation influence infiltration patterns, a map of spatially distributed, annual net infiltration was created with the INFIL3 code (USGS, 2008) using daily precipitation and temperature data from up to 26 meteorological stations for the period 1960 to 2005 ( Environmental Management Nevada Program, 2018b). The INFIL3 model uses daily precipitation and temperature data to calculate potential and actual evapotranspiration, snowmelt and snow sublimation, runoff, soil moisture changes, and soil drainage below the root zone, which is considered to be net infiltration. Infiltration in southern Nevada is highly episodic and spatially variable, and average annual net infiltration rates are calculated from 45 yr of computed daily net infiltration values. Infiltration rates shown on the map in Fig. 4 were spatially smoothed by averaging the values within a 3-by-3 cell grid of 30-by-30 m cells centered around points on the transect to produce the infiltration rates used in the model (Fig. 5 ). Most of the estimated net infiltration rates along the transect are ?10 mm yr −1 . However, net infiltration rates can be several hundred millimeters per year beneath washes where surface runoff is concentrated after snow melt and storm events (Fig. 5) . The spatially and temporally averaged infiltration rate along the entire transect is 30 mm yr −1 , which was used in simulation cases with uniform infiltration.
Hydraulic Heads
Hydraulic heads have been measured at several locations along or near the transect both within the upper perched zone in the tuffs and in the LCA3 beneath the central part of the transect (Fig. 6 ). The data from wells ER-12-3 and ER-12-4 indicate that water levels in the LCA3 are 500 to 570 m lower than in the overlying tuffs and that the upper part of the LCA3 is unsaturated. The presence of an unsaturated zone within the upper part of the LCA3 indicates either (i) that water can drain vertically through the upper part of the LCA3 faster than it can move to the top of the LCA3 through the overlying tuffs or (ii) that water is diverted laterally along the tuff-LCA3 contact because of capillary barrier effects created by the larger openings of the LCA3 fractures. The first explanation requires that saturated permeability of the LCA3 is greater than that of the overlying tuffs, which is consistent with the available data. The second explanation could work for a smooth, sloping interface but is unlikely to be a factor when the interface is uneven enough to allow water to pond locally, which allows the capillary barrier effect to be overcome and water to enter into the underlying unit. The cross-section shown in Fig.  2 indicates the tuff-LCA3 contact is very uneven, making the second explanation unlikely. At locations where the tuffs directly overlie low-permeability pre-Tertiary rocks, such as the UCCU or MGCU, the shallow and deep water levels most likely merge to form a zone of continuous saturation.
Conceptual Model
The conceptual model of variably saturated flow at Rainier Mesa is that, under pre-testing conditions, long-term local infiltration rates exceeded the combined fracture and matrix vertical hydraulic conductivity of the zeolitic tuff confining units (TCUs), resulting in saturated conditions in both the fractures and matrix of the TCUs. Vertical water flux through the TCUs is therefore limited by the hydraulic conductivity of the TCU, so that infiltration in excess of the hydraulic conductivity of the TCUs is diverted laterally above the TCUs until it VZJ | Advancing Critical Zone Science p. 8 of 22 encounters a transmissive fault or a higher hydraulic conductivity unit, whereupon the diverted water can drain downward. The low hydraulic conductivity of the TCUs limits the water flux into high-conductivity carbonate rocks (e.g., the LCA3) underlying the tuffs, although infiltration rates can be high where the LCA3 is exposed at land surface. Because water reaching the LCA3 can drain under gravity faster than it can be supplied by the overlying TCUs, unsaturated conditions develop in the upper part of the LCA3. Likewise, water flux into the high-conductivity volcanic layers embedded within or lying beneath the TCUs is limited by the low hydraulic conductivity of the overlying TCUs, potentially leading to unsaturated conditions and limiting the extent of lateral f low in these high-hydraulic conductivity units. These concepts are reflected in the porosity and water saturation profiles from borehole UE-12p #4 in the P-Tunnel area (Fig. 7) , which show water saturations close to 100% in the TCUs (UTCU1, LTCU and OSBCU) but lower saturations in the Belted Range Aquifer (BRA) due to the limited water flux into this HSU. (Note that the computed saturation of the LCA is >100% because of the difficulty of accurately measuring the very small porosity and water content of this HSU.) This situation is also likely to arise in the vicinity of P-Tunnel, where the TUBA lies between the LTCU and OSBCU, and southwest of N-Tunnel, where the RVA lies between the OSBCU and ATCU (Fig. 2) .
The excavation of extensive tunnels for weapons tests, combined with the fracturing of rock surrounding the nuclear explosions and the creation of rubble-filled chimneys above testing locations, have significantly altered the pre-testing hydrology of Rainier Mesa. Radioactive effluent discharging from tunnels during their operational period indicates that the cavity-chimney systems and the tunnels are well connected (Russell et al., 1993 (Russell et al., , 2003 . This is further supported by the apparent rapid response of tunnel discharge to precipitation events (Russell et al., 1987) and the rapid refilling of two of the tunnels after their portals were plugged (Russell et al., 2003) .
This study focused on simulating the hydrologic conditions prior to nuclear testing at Rainier Mesa. This is believed to be an acceptable approximation because (i) the hydrogeologic changes associated with nuclear testing are expected to be localized around the tunnel complexes and to have no effect the larger-scale transport paths away from the tunnels and (ii) plugging of N-and T-tunnels has allowed heads near these tunnels to recover to estimated pretesting conditions. 6 Numerical Model Code Capabilities Amanzi (2017) is a subsurface flow and transport simulator (https://github.com/amanzi/amanzi/) that was developed by the USDOE Environmental Management as part of the Advanced Simulation Capability for Environmental Management (ASCEM) group of codes.
The ASCEM software package includes model set-up and visualization capabilities as well as parameter estimation and uncertainty analysis tools (Freshley et al., 2013) . Amanzi can simulate steady-state or transient, saturated or unsaturated flow and transport problems in confined or unconfined heterogeneous porous media. Amanzi makes it possible for larger-scale, real-world simulations with millions of numerical nodes using pre-partitioned meshes, which allows a single flow simulation to run in parallel on thousands of CPU cores on High Performance Computing clusters. The models presented here were run using the Richards equation (passive gas phase) solution with pressure head as the unknown. This is an ideal solution method for variably saturated problems involving both the unsaturated and saturated zones because pressure head is continuous across the water table. Hydraulic head (h) is calculated by the familiar relation h = z + p w /rg, where z is elevation, p w is water pressure, r is water density, and g is gravitational acceleration. Water pressures (relative to air pressure) are negative above the water table, zero at the water  table, and positive below the water table. Particle tracking was simulated with Walkabout (Painter, 2011), a LANL particle-tracking code that can be used on both structured and unstructured grids. The steady-state flow velocity field calculated by Amanzi is used as input by Walkabout, which is also capable of simulating the full dispersion tensor as well as simpler dispersion models (Painter, 2011 ). Most of the particletracking simulations presented here do not include dispersion, although dispersion was considered in a subset of the simulations to illustrate its potential effect on solute concentrations.
PLUMECALC is a LANL-developed post-processor to the particle-tracking simulations that uses a convolution approach to convert solute input functions, particle locations, and times into either resident concentrations or mobile concentrations (Robinson et al., 2011) . Mobile and resident concentrations are the same for nonfractured units. For fractured units where the matrix provides storage for solutes but no large-scale transport pathways, mobile concentrations are calculated for water in the fractures, and resident concentrations are calculated for water in the matrix. PLUMECALC is used to simulate the effects of matrix diffusion, sorption, and radioactive decay on solute concentrations calculated from the particle-tracking results. The code can also output the mass flux across a set of nodes and the time-dependent mass at these nodes, a feature used here to calculate mass flux across boundaries.
Numerical Mesh
The model domain extends from sea level to land surface (up to 2265 m) and has a length of ?20 km and a thickness of 60 m in the direction perpendicular to the transect. The computational grid consists of ?1.534 million brick-shaped cells, each 20 m wide by 20 m deep by 5 m high, to accurately represent the hydrostratigraphy in the EarthVision model. The model is three cells thick-essentially a slab-with the HSUs unchanged across the thickness of the domain. Amanzi could have run a true 2D model (one cell thick), but Walkabout requires a 3D grid. Therefore, additional cells were added on the front and back boundaries to give the model a finite thickness to meet the requirements of Walkabout. This allows for a quasi-3D transport simulation as described here.
Boundary Conditions
The upper cells in the model correspond to the land surface; they have variable elevations across the length of the model. Each cell was assigned a constant, time-averaged annual net infiltration rate that varies across the cross-section (Fig. 5 ). The infiltration rates were interpolated onto the cross-section from the larger, areally distributed infiltration map (Fig. 4) . The left and right boundaries of the model were assigned constant hydraulic heads of 1410 and 1420 m, respectively. The left boundary corresponds with well WW-8, with a measured water table elevation of 1410 m. The hydraulic head of 1420 m along the right boundary was estimated from perched water-level contours for the Rainier Mesa area shown in USDOE Environmental Management Nevada Program (2018a) . This means that above elevations of 1410 and 1420 m along these boundaries, water pressures are negative relative to air pressure, and the cells are not fully saturated. Below these elevations, water pressures are positive relative to air pressure, and the boundary cells are fully saturated. The lower boundary is assumed to be no flow due to the presence of low-permeability confining units and to the considerable depth of the rocks (?2 km), where overburden pressure would tend to close any fractures that might be present.
After some initial simulations were run with these boundary conditions, it was recognized that the 2D nature of the model does not allow unsaturated conditions to develop at the top of the LCA3, as was observed at wells ER-12-3 and ER-12-4 ( Fig. 2 and  6) . A truly 3D model would allow for flow to move laterally out of the plane of the model once it reached the LCA3. Therefore, to simulate these 3D effects, additional cases were run in which water table conditions (p w = 0 Pa) were imposed in the LCA3 along the front and back cells at 1300 m elevation between coordinates of x = 7700 m and x = 12,000 m, the region of the LCA3 near ER-12-3 and ER-12-4 where unsaturated conditions at the top of the LCA3 were observed. This had the desired effect of creating unsaturated conditions at the top of the LCA3 by allowing for outflow from the front and rear faces of the model in this region.
Rock Properties
The choice of rock properties, particularly the vertical saturated hydraulic conductivity (K) of the TCUs (i.e., LTCU, OSBCU, ATCU, UTCU1) relative to the infiltration rate, dramatically affects whether most infiltration passes vertically downward through the tunnel horizon toward the water table or whether most infiltration is diverted laterally across the top of the TCUs, limiting the percolation flux through the testing horizon. Data compilations showing the distribution of hydraulic conductivity for the TCUs (Stoller-Navarro Joint Venture, 2008a) show increases with the scale of measurement (core, slug-test, and pumping-test scales) and variability of several orders of magnitude. The general increase in average hydraulic conductivity with scale is due to the effects of fractures and faults in the larger scale measurements. However, even at the core scale, it is apparent that heterogeneity in matrix properties is present. Given the measurement variability, it is difficult to choose an average, representative hydraulic conductivity for the TCUs from the data compilations alone. However, the presence of perched water constrains the largescale average vertical hydraulic conductivity of the TCUs to be less than the average infiltration rate across the transect (30 mm yr −1 ). A bulk hydraulic conductivity for the TCUs of 20 mm yr −1 was selected to be compatible with this constraint (Table 2) . A fault hydraulic conductivity of 10 5 mm yr −1 was chosen to be consistent with the upper part of the TCUs' hydraulic conductivity range, given the likelihood that the values in the higher end of the range are associated with fractures and faults.
The highly porous vitric tuff aquifers were assigned a moderately high hydraulic conductivity and large porosity, and the lava flows aquifers and welded tuff aquifers were assigned the highest hydraulic conductivity but a low porosity (10 −3 ), reflecting the fact that their hydraulic conductivity is controlled by fractures, which impart relatively minor storage for water and solutes. The pre-Tertiary confining units (MGCU, UCCU, LCCU1) were assigned both a low hydraulic conductivity and a low porosity, reflecting the paucity of open fractures in these HSUs and the low measured hydraulic conductivity and porosity of the rock matrix (Winograd and Thordarson, 1975) .
To describe unsaturated flow, the constitutive relationships between unsaturated hydraulic conductivity versus pressure head and effective saturation versus pressure head must be specified. In this study, van Genuchten-Mualem model (Lu and Kwicklis, 2012; Mualem, 1976; van Genuchten, 1980) was used. For fracture-dominated flow units, the van Genuchten parameters are assumed to be similar to those of sand, reflecting the conclusion from modeling studies that aperture variability allows fractures to fill or drain over a narrow range in water pressures close to zero (e.g., Kwicklis and Healy, 1993; Pruess and Tsang, 1990) . The use of sand permeability and associated van Genuchten a, n, and S r parameters to represent the fracture continuum of the fractured HSUs ensures that an internally consistent combination of permeability and drainage curve characteristics (high permeability and weak capillarity) is applied to the fractured units. For matrixdominated flow units, the van Genuchten parameters are based on laboratory testing of ?80 rock cores retrieved from core-holes near the transect, with the average HSU permeabilities and fitted van Genuchten parameters reported in USDOE Environmental Management Nevada Program (2018b). Because HSU-specific data do not exist for each HSU in the model, it is necessary to apply hydrologic parameters measured for a given rock type (welded tuff, vitric tuff, zeolitic tuff) to other HSUs of similar composition and texture. The last column of Table 2 lists HSUs that were assigned the same hydraulic parameters as the HSUs listed in the first column.
Case Designs
To develop the final model and to establish a basis for evaluating the results, a series of models of increasing complexity was developed (Table 3) . For the cases with uniform infiltration, the infiltration rate was derived from the average of the spatially varying infiltration along the transect, which ensures that the total water input from the surface is the same for all cases. The hydraulic properties for the cases with homogeneous material are also listed in Table 2 . This stepwise approach to building complexity allowed the effects of individual aspects of the model to be identified.
Model Results

Homogeneous Material Models: Cases 1 and 2
First, a model with homogeneous properties (Table 2 ) and a spatially uniform infiltration rate (30 mm yr −1 ) was created (Case 1), and the path lines of individual particles originating from each of the three major tunnel complexes along the transect (N-, T-, and P-Tunnels) were calculated (Fig. 8a) . The model results showed that, as expected, particle path lines were vertical in the unsaturated zone and then turned laterally toward the left boundary once the particles reached the water table (indicated by the red-blue interface in Fig. 8 ) because of the higher head assigned to the right boundary (1420 m) compared with the left (1410 m). Particles introduced at the upgradient tunnels are gradually pushed deeper into the flow system by downgradient recharge.
Case 2 in Fig. 8b shows the same model but with the spatially variable infiltration rate shown in Fig. 5 applied. Although the basic features of the uniform infiltration case (Case 1) are preserved, particle trajectories for Case 2 are pushed deeper into the flow system beneath the higher-infiltration areas with locally low elevations, which are identified as the beige regions of the unsaturated zone in Fig. 8b .
Depending on starting location, it takes about 2000 to 4500 yr for particles to reach the downstream (left) boundary, with particles starting closer to the downgradient boundary (i.e., from N-Tunnel) arriving first (Fig. 8a) . The spatially variable infiltration creates more variability in particle arrival times for particles originating from a particular tunnel. The particles released at T-and P-Tunnels undergo a small overall increase in their travel times to the left boundary for Case 2 (Fig. 8b) , probably as a result of being pushed deeper into the flow system under the higher infiltration areas near N-tunnel.
Layered Material Model: Cases 3 and 4
Cases 3 and 4 were designed to investigate the effect of heterogeneity on the flow field and transport behaviors under different infiltration scenarios: Case 3 for uniform infiltration and Case 4 for spatially variable infiltration. The spatial distribution of the HSUs is shown in Fig. 2 , and the hydrologic properties are listed in Table 2 . Boundary conditions for Cases 3 and 4 were identical to those described for Cases 1 and 2, respectively. Figure 9 shows a comparison of simulated water table elevations with measured water table elevations (red squares) at different wells on or near the 2D transect. Here the gray background represents the unsaturated zone, and the bottom of this gray region is the simulated water table. For both cases, the match of the simulated and measured water table is good near wells WW-8 (used as the left boundary condition) and at wells ER-12-3 and ER-12-4. The match is reasonably good near P-Tunnel. The match is less satisfactory for wells ER-19-1 and U12q, mainly because these wells are projected from a distance of about 1 km onto the cross-section (Fig. 1) .
The contour maps in Fig. 9 illustrate the distribution of the hydraulic head below the water table. The figure clearly indicates the existence of the water table divide between the ER-12-3 well near N-tunnel and the ER-12-4 well near T-Tunnel. In some regions the hydraulic head gradient has an upward component, which during particle tracking can drive particles upward if particles reach these regions.
Heads in the model are much greater than their elevations, indicating that water pressures are positive from the water table to the base of the model and that the unsaturated conditions observed at the top of the LCA3 are not matched by the model. The existence of upward hydraulic gradients allows particles that have reached the LCA3 to be driven back upward into shallower HSUs as they move away from the water table mound toward the left and right boundaries. For the layered hydrostratigraphy cases, particles starting at N-, T-, and P-Tunnels take tortuous and divergent paths in both Case 3 and Case 4 ( Fig. 10) . For both cases, particles beginning at N-tunnel move toward the left boundary and particles beginning at T-and P-Tunnels move toward the right boundary, consistent with a water table divide between N-and T-Tunnels. Figure 10 shows that particles from N-Tunnel initially move vertically downward through the TCUs, refract slightly as they cross the high hydraulic conductivity RVA, and then move vertically across the low-hydraulic conductivity LCCU1 to reach the top of the LCA3. From there, the particles move laterally across the top of the LCA3 toward the left boundary, upward across the LCCU1, and back into the RVA until they reach the left boundary. Although the RVA is significantly offset by a major fault (the Big Burn Valley Fault) near x = 4000 m, the particles move downward along the fault and remain in the RVA, which is embedded between low-conductivity confining units.
Particles from T-and P-Tunnels travel along different paths but find their way into the high-conductivity BRA and eventually reach the right boundary of the model. Some particles starting at T-Tunnel initially travel upward into the TM-LVTA, whereas others first enter the underlying TUBA but soon move up a nearby fault into the TM-LVTA, with all particles eventually finding their way into the BRA. Particles beginning at P-Tunnel initially move downward through the UTCU into the BRA, where they merge with particles originating from T-Tunnel before moving in the BRA toward the right boundary. Evidently, the discontinuous nature of the TUBA in this cross-sectional model prevents it from being used as a more extensive transport pathway. 
Layered Material Model: Case 5
Because the unsaturated conditions observed at the top of the LCA3 are not matched with the previous cases, hydraulic pressures associated with perched water propagated uninterrupted across the top of the LCA3, thereby unrealistically creating upward gradients from the LCA3 into the tuffs. In Case 5, the observed water table conditions in the LCA3 at wells ER-12-3 and ER-12-4 were enforced by imposing an additional boundary condition of fixed water pressure equal to air pressure (10 5 Pa) at cells along the front and back of the model at 1300 m elevation between x-coordinates of 7700 and 12,000 m. Otherwise, the Case 5 model is identical to Case 4.
The effects of this boundary condition on particle paths from N-, T-, and P-tunnels are shown in Fig. 11 , where particle paths are plotted on the background of HSUs (Fig. 11a ) and the saturation field (Fig. 11b ). Particles originating from N-and T-Tunnels move predominantly downward toward the LCA3, where they exit from the constant-head nodes along the front and back of the model at 1300 m elevation (Fig. 11a ). There is a small refraction of the particle path lines from T-Tunnel as they pass through the high-hydraulic conductivity TUBA. The refraction of the particles from N-Tunnel is barely discernible as they move downward across the RVA toward the LCA3. Particles from P-Tunnel first move toward the left in the TM-LVTA, but after finding their way to the BRA they move to the right boundary. The plot of saturation for the Case 5 model (Fig.  11b) shows that the water table (represented by the upper surface of full saturation) again matches the observed water table elevations at wells WW-8, ER-12-3, and ER-12-4 and is improved at P-Tunnel, despite the presence of unsaturated conditions deeper in the domain within portions of the RVA, BRA, faults, and the top of the LCA3. The water levels measured in the LCA3 intervals of wells ER-12-3 and ER-12-4 are also matched with Case 5 because of the imposed internal boundary condition.
To explore the effect of added boundary conditions in Case 5 on particle travel times, the travel time versus x-coordinate of the particles for Cases 4 and Case 5 is compared in Fig. 12 . The near-vertical portions of the curves in Fig. 12a correspond to slow vertical movement through low-conductivity confining units (x-coordinate does not change but travel time increases), whereas the flat portions of these curves correspond to relatively rapid particle movement along high-conductivity aquifers (x-coordinate changes with little change in travel time). Figure  12a shows that the particles released from N-and T-Tunnels in Case 4 spend many thousands of years moving downward through low-hydraulic conductivity units before they reach the aquifers, where significant lateral transport occurs. Particles from N-Tunnel exit the left boundary between 40,000 and 70,000 yr after release. Particles from T-Tunnel exit the right boundary slightly faster in roughly 10,000 and 40,000 yr. Conversely, particles from P-Tunnel find their way into the high conductivity BRA after about 1000 yr and exit from the right boundary soon after. Figure 12b shows particle travel times as a function of x-coordinate for Case 5. Particles released from N-and T-Tunnels travel vertically downward to the LCA3 and exit through the front and back faces of the model after about 5000 to 6000 yr and 8000 to 10,000 yr, respectively. Particles from P-Tunnel first move toward the left, move right once within the BRA, and exit the right model boundary after about 600 yr.
Lateral Diversion of Infiltration: Cases 4 and 5
To investigate the overall flow patterns taken by infiltrating water at Rainier Mesa, particles were introduced 10 m below ground surface every 1 km along the transect. Figure 13 shows these particle paths relative to the hydrostratigraphic framework model and to N-, T-, and P-Tunnels for the Case 4 and Case 5 flow fields. Particle travel times, for infiltrating water rather than for radionuclides, are also indicated. As discussed below, the degree to which infiltration is diverted above N-, T-, and P-tunnels helps explain the relative rate of particle movement from those tunnels.
For Case 4, most near-surface particles are diverted laterally toward the left and right boundaries, either in the BRA along the top of the zeolitic LTCU toward the left boundary or through the BRA toward the right boundary (Fig. 13a) . Above N-Tunnel, the model indicates a large diversion of water flow toward both boundaries with no particles flowing downward into the tunnel region. Above T-Tunnel, the model indicates lateral diversion of water toward the right boundary, again with no particles flowing downward through the tunnel. At P-Tunnel, infiltrating water is not diverted above the tunnel horizon and instead flows vertically through the tunnel horizon before being diverted laterally toward the right boundary through the BRA below. Faults in the central part of the model allow a few particles to move up or down between the LCA3 or the RVA and the shallower aquifers. Eventually, the few particles that arrive in the LCA3 find their way upward back into the BRA because of the upward gradient (Fig. 9b) where they move toward the right boundary. Overall, the particle paths support the idea of significant lateral diversion of infiltrating water above the testing horizons at N-and T-Tunnels, but not at P-Tunnel. This interpretation supports the very long travel times of 40,000 to 70,000 yr for particles released at N-Tunnel to the left boundary for Case 4 (Fig. 10b and 12a) . Although N-Tunnel is beneath a high infiltration area (>100 mm yr −1 in Fig. 5) , much of the infiltrating water is diverted laterally above the tunnel horizon, causing slow transport from the tunnel horizon to the LCA below. Conversely, at P-Tunnel, where infiltrating water is not diverted, travel times for particles released at the tunnel horizon to the right boundary are much faster at <1000 yr ( Fig. 10b and 12a) , despite lower infiltration rates in the area (<10 mm yr −1 in Fig. 5 ). Travel times for T-Tunnel shown in Fig. 10b and 12a fall between these two results (10,000-40,000 yr) because, despite the significant diversion of infiltration above the tunnel horizon, a component of upward flow drives particles released at T-Tunnel into a highervelocity flow path toward the right boundary.
Particle paths for Case 5 (Fig. 13b) are somewhat similar to those observed without a fixed LCA3 water table in that many of the particle paths (water flow lines) above and left of N-Tunnel are diverted laterally to the left boundary, and particle paths near and right of P-Tunnel flow generally downward through the UTCU and then flow laterally to the right boundary in the BRA. Near the center of the domain, however, more of the infiltrating water flows vertically downward for Case 5, as indicated by the greater number of path lines leading toward the fixed water table near the top of the LCA3. That infiltrating water leaves the domain along the front and back model boundaries at this fixed water table is indicated by the termination of these path lines at 1300 m. Again, the particle path lines support the idea of lateral diversion of infiltrating water above the testing horizons at N-and T-Tunnels; however, for Case 5, a portion of the infiltrating water moves vertically downward to reach the tunnel horizons. Because particles in Case 5 do not re-emerge from the LCA3 once they have reached it, the near-surface particles originating near T-Tunnel no longer move through the TUBA toward the right boundary as they do for Case 4. At P-Tunnel, the infiltrating water still largely flows through the tunnel horizon and is diverted laterally in the underlying BRA, although a few of these path lines also lead toward the fixed water table in the LCA3.
Particle travel times as a function of the x-coordinate are shown in Fig. 14 for the variable infiltration models without (Case 4) and with (Case 5) a fixed LCA3 water table boundary. For simplicity, only three representative particles are shown. The particles are released 10 m below the land surface at locations above the three tunnels. Without a fixed water table boundary (dashed lines), the particle released above N-Tunnel exits the left boundary after 300,000 yr, and the particles released above T-and P-Tunnels exit the right boundary through the BRA after 1000 yr. The long travel time for the particle released above N-Tunnel results from the fact that this particle spends several hundred thousand years in a circuitous path in the TCU before re-emerging into the BRA (Fig. 13a) . With a fixed LCA3 water table (solid lines), near-surface particles released near N-and T-Tunnel exit the model at the LCA3 water 
Transport Simulations with Walkabout and PLUMECALC
Using the flow model from Case 5, seven transport cases were run with Walkabout and PLUMECALC to explore the relative importance of dispersion, matrix diffusion, and radioactive decay on radionuclide migration (Table 4 ). Case 5 model results are used because that model is the only one to match the water table conditions observed at 1300 m in the LCA3. The transport parameters used in these simulations are given in Table 5 . As with the hydraulic parameters in Table 2 , similar rock types are assumed to have identical transport parameters. The matrix diffusion coefficients used in the model are the product of the matrix tortuosity values listed in Table 5 and the free-water diffusion coefficient for 3 H of 2.4 e-09 m 2 s −1 . The matrix tortuosities, porosities, and fracture spacings are typical values measured for different rock types in the Rainier Mesa area (Stoller-Navarro Joint Venture, 2008b) . Fracture aperture (2b) is computed from (Lu and Kwicklis, 2012) f 2b s =f where 2b is the fracture aperture, f f is fracture porosity, and s is fracture spacing.
Matrix diffusion parameters and fracture characteristics were assigned only to HSUs with fracture-dominated flow because matrix diffusion is much less important for HSUs where flow and transport are already assumed to take place within the rock matrix. In all, 10,000 particles were distributed in a zone extending 35 m above and below each of the tunnel complexes to reflect the cavity radius (about 35 m) of detonations with an unclassified maximum explosive yield of <20 kt TNT-equivalent (National Nuclear Security Administration, Nevada Field Office, 2015) . The cavity radius was estimated with the relationship between cavity radius and yield developed in Pawloski (1999) . Each set of 10,000 particles was assigned a total 3 H Fig. 14. Particle travel times as a function of particle x-coordinate for three representative starting locations 10 m below land surface above N-, T-and P-Tunnels. Dashed lines show particle travel times for Case 4; solid lines show travel times for Case 5. mass of 1 mol, which was applied during a single day at a rate of 1 mol d −1 .
Different numbers of nuclear tests were conducted in the tunnels (N-Tunnel had 22 tests, T-Tunnel had six tests and P-Tunnel had four tests) over different time periods that spanned decades (National Nuclear Security Administration, Nevada Field Office, 2015) . These source-term simplifications and approximations implemented in the model are acceptable for the purpose of these screening calculations. Nonetheless, the initial 3 H concentrations of about 3,700 kBq L -1 are in the range of values measured in tunnel effluent (37 kBq L -1 ) and those estimated for water within the cavity immediately after a detonation (3700-37,000 kBq L -1 ) (USDOE Environmental Management Nevada Program, 2018a). In cases where radioactive decay of 3 H is considered, the half-life (t 1/2 ) of 12.3 yr was used. In cases where radioactive decay was not applied, the simulation results can be thought of as reflecting the behavior of longer-lived, nonvolatile, nonsorbing radionuclide species such as 36 Cl (t 1/2 = 301,000 yr), 129 I (t 1/2 = 1.57 ´ 10 7 yr), or 99 Tc (t 1/2 = 213,000 yr), which decay very little during the 1000-yr regulatory compliance period.
The transport results summarized in Table 4 are based on time sequences showing the evolution of mobile concentrations and scatterplots that tracked changes over time in the mobile and total mass in the system and in the mass leaving the left boundary, right boundary, or constant head nodes in the LCA3. As an example, Fig. 15 shows the effect of including matrix diffusion (Case 010) compared with the base case (Case 000) in which hydrodynamic dispersion, matrix diffusion, and radioactive decay are not included. In Case 000, the total mass in the system (solid red line hidden behind solid green line) and the total mobile mass (i.e., the mass in fractures) are equivalent and decrease with time due to almost all of the mass from P-Tunnel exiting the right boundary by 1000 yr. No mass from N-or T-Tunnel crosses the z = 1310 m elevation in the LCA3 or leaves at the constant-head nodes along the front and back of the model over the first 1000 yr. This is illustrated by examining the plot of solute concentrations at 400 yr, which shows that mass is transported to the right boundary through a thin saturated zone at the base of the BRA, and the mass from N-and T-Tunnels is still well above the constant head nodes in the LCA3 (Fig. 16) . When matrix diffusion is considered (Case 010), the total mobile mass over time is similar to that for Case 000, but the total mass for Case 010 remains near 3 moles, indicating that the entire original mass remains in the system with the difference between the total mass and the total mobile mass being the mass that has diffused into the rock matrix. None of the cases with 3 H decay (Cases 001, 011, and 101) had mass leave the system from any boundary due to the fact that 3 H decayed to ?10 −5 of its initial value by 200 yr, about the time when particles from Case 000 first began to reach the boundaries of the model (Fig. 15 ).
The effect of including hydrodynamic dispersion in the Walkabout particle-tracking model is more complicated. Dispersivity values for this site are not available, and therefore we assigned the longitudinal (a L ) and transverse (a T ) dispersivity values using estimated values at some well-studied sites as guidelines. For example, Freyberg (1988) reported the values of 0.43 m and 0.04 m for a L and a T , respectively, for sandy aquifer at Borden site. Garabedian et al. (1991) reported the values of 0.96 and 0.02 m for a L and a T , respectively, for sandy aquifer at Cape Cod. In our model, all HSUs were classified as either fracture dominated or matrix dominated, and dispersivity values for matrix-dominated units were assigned as a L = 1.0 m and a T = 0.1 m; the values for fracture-dominated units were assumed to be 10 times larger than that of matrix-dominated units to reflect the increased mixing expected in a fracture network. The dispersivity values are small Fig. 15 . Comparison of total mass and total mobile mass in model domain and mass crossing model boundaries as a function of simulation time for transport Cases 000 (solid) and 010 (dashed). Differences between the cases show the effect of including matrix diffusion in the fractured units. Total mass in system for Case 000 lies beneath total mobile mass curve for Case 000. No mass exits the left or front/back boundaries or passes the z = 1310 m plane for these two simulations.
relative to the scale of the problem because the detailed hydrostratigraphic model and fine discretization captures much of the variability in water velocities that contributes to the dispersion process. Nonetheless, the effect of including transverse dispersivity is significant, as evidenced by comparing results for Case 100 with Case 200, in which transverse dispersivity is not included (Fig. 17) . In Case 100, no particles exit the right boundary from P-Tunnel because transverse dispersion scatters particles out of the high-conductivity path in the BRA into the adjacent TCU, where they move slowly downward through the TCU matrix. When a L values are held at the same values and a T values are set to zero (Case 200), mass exits the right boundary earlier than for the nodispersivity case (Case 000, Fig. 15 ). Also, breakthrough to the LCA3 (i.e., passing z = 1310 m) for Case 200 is less than that for Case 100, in which transverse dispersion allowed particles into high-conductivity faults near T-Tunnel. However, breakthrough to the LCA3 with only longitudinal dispersion (Case 200) is still enhanced relative to the no-dispersion case (Case 000).
In summary, transport simulations run with Walkabout and PLUMECALC demonstrate that both lateral and vertical migration of 3 H is likely to be of limited extent due to slow transport velocities and radioactive decay, which effectively removes 3 H as a 200 (dashed) . Differences between the cases show the effect of including transverse dispersion; longitudinal dispersion is included in both cases. Curves for total mass in system and total mobile mass for both cases are nearly coincident in figure. No mass exits the right boundary for Case 100. No mass exits the left boundary for these two simulations.
contaminant of concern after about 200 yr. Transport is predominantly vertically downward from N-and T-Tunnels and lateral from P-Tunnel. Longer-lived, nonsorbing species such as 36 Cl, 129 I, and 99 Tc will transport further, but matrix diffusion may effectively prevent these from leaving the model domain within the regulatory period of 1000 yr (Case 010, Fig. 15 ).
Groundwater monitoring results from near Rainier Mesa from 2015 and 2016 confirm that both downward and lateral 3 H transport appear to be limited. The 3 H concentrations in the LCA3 at ER-12-3 and ER-12-4 are <0.000074 kBq L −1 , and the 3 H concentrations in the TCU at these wells are only about 0.00074 to 0.0011 and 0.00028 kBq L −1 , respectively (USDOE Environmental Management Nevada Program, 2018a, Table  C -17) . These concentrations are well below the regulatory limits of 0.74 kBq L −1 established by the USEPA (2002) . Likewise, data from 1996 to 2016 show that all monitored intervals at wells ER-19-1 and WW-8, which include the BRA and RVA HSUs, have 3 H concentrations below the method detection limits of about 0.00074 kBq L −1 (USDOE Environmental Management Nevada Program, 2018a, Table C-16).
Summary and Discussion
A cross-sectional model through Rainier Mesa was created to simulate water and particle movement along potential lateral flow paths and to investigate flow paths within and surrounding perched water bodies. The modeled cross-section was chosen as a compromise between overly simplistic one-dimensional models that ignore lateral flow, and more realistic, but computationally intractable 3D models. The 2D cross-section is aligned with the depositional syncline and the low areas in the upper surface of the presumed perching layer (the LTCU), along which perched water is most likely to accumulate (Fig. 1) . It is therefore a useful representative example to explore the dynamics of flow through and around the perched water accumulations but does not pretend to answer all questions about flow patterns near Rainier and Aqueduct Mesas. A high-resolution grid was used to capture the complex hydrostratigraphy of the site and to provide numerical accuracy. The models were run with a high-performance parallel computer code (Amanzi) developed by the DOE Environmental Management program as part of the ASCEM package of codes. Particle tracking results generated with Walkabout (Painter, 2011) were combined with PLUMECALC (Robinson et al., 2011) to simulate radionuclide transport with or without hydrodynamic dispersion, matrix diffusion, and radioactive decay. The quasi-3D model was used to simulate perched water conditions observed at the site and lateral and vertical transport from selected tunnel complexes to the lateral model boundaries and lower aquifers.
Model results for Case 5 highlight how particle trajectory depends strongly on the starting location of the particles, both vertically and laterally. The model results show that particles with starting locations within the low-permeability perching layers will follow dominantly vertical trajectories through the perching horizons and reach the water table in the underlying carbonate aquifer only after many thousands of years. In contrast, particles starting near ground surface above the testing horizon are generally diverted laterally before reaching the testing horizon, except where nearby faults through the perching layers are present, in which case those particles find downward pathways through the perching horizon. Particles from nuclear tests situated above the perching horizon will thus follow dominantly lateral transport paths and, depending on whether the rock unit above the perching horizon is porous or fractured, can move with potentially rapid transport velocities.
Transport calculations run with Walkabout and PLUMECALC indicate that short-lived radionuclides such as 3 H will not reach beyond the model boundaries over the 1000 yr regulatory period due to radioactive decay and matrix diffusion. Even longer-lived radionuclides such as 36 Cl, 129 I, and 99 Tc may remain in the vicinity of the tunnels due to a combination of slow matrix transport or diffusion from fractures into the rock matrix in the units dominated by fracture flow. Transverse dispersion out of the high hydraulic conductivity layers also tends to slow lateral transport.
Model results are controlled in part by the contrasting hydrologic properties and the boundary conditions used. Additional simulations with differing properties and boundary conditions would likely lead to variations in the results. However, the simulations demonstrate that a mix of both vertical and lateral flow and radionuclide transport are possible from the tunnel sources at Rainier Mesa. The quasi-3D model has some limitations: (i) layers that appear laterally discontinuous in two dimensions may be better connected in three dimensions; (ii) flow perpendicular to the cross-section, as in the LCA3, needs to be accounted for through boundary conditions; and (iii) the hydrologic effects of tunnels and rock damage associated with nuclear testing are not considered in the models developed here. The hydrogeologic effects of nuclear testing are expected to be localized around the tunnels and to have minimal effect on the larger-scale flow patterns. In spite of its limitations, the model provides considerable insight into how particles, and hence radionuclides, may move through or around perched water bodies that may be relevant to other waste storage sites in the western United States.
